Kubota, Michinori and Ikuo Taniguchi. Electrophysiological sends projections to two other song control nuclei: area X characteristics of classes of neuron in the HVc of the zebra finch. of the parolfactory lobe (area X) and the robust nucleus of J. Neurophysiol. 80: 914-923, 1998. Whole cell recordings were the archistriatum (RA).
However, so far only a few intracellular recording studies distinct classes of neuron were found on the basis of their electro-of HVc neurons have been carried out (Katz and Gurney physiological properties. The morphological characteristics of 1981; Kubota and Saito 1991; Lewicki 1996; Lewicki and some of these neurons were also examined by intracellular injection Konishi 1995) . These studies have concluded that HVc audiof Lucifer yellow. Type I neurons (21 of 65 cells) had longer timetory neurons are area X-projecting neurons and RA-projectto-peak of an afterhyperpolarization following an action potential ing neurons do not show auditory responses (Katz and Gurthan the other classes. They exhibited both fast and time-dependent inward rectification and an initial high-frequency firing followed ney 1981, but see below for inconsistency with these reby a slower constant firing. Type I neurons had large somata and sults), and that there are various Na / -and Ca 2/ -dependent thick dendrites with many spines. The axons of some of the neurons ionic conductances in putative area X-projecting neurons in this class projected in the direction of area X of the parolfactory (Kubota and Saito 1991) , and that there are ''song-specific'' lobe. Type II neurons (30 of 65 cells) had a more negative resting neurons, defined as neurons that respond significantly more membrane potential than the other classes. They exhibited fast to forward song than to reversed song or the song syllables inward rectification. Type II neurons could be divided into two presented in reverse order, which are also area X-projecting subclasses by the absence (IIa; 22 cells) and the presence (IIb; 8 neurons (Lewicki 1996; Lewicki and Konishi 1995) . Thus cells) of a low-threshold transient depolarization. Type IIa neurons our physiological understanding of HVc neurons seems to had relatively small somata and thin, spiny dendrites. The axons be limited to and focused on area X-projecting neurons.
of some of the neurons in this class projected in the direction of the robust nucleus of the archistriatum (RA). Type IIb neurons According to a study of Golgi-impregnated neurons in the had relatively large somata and thick dendrites with many spines. canary HVc, four types of neurons were found to be present Type III neurons (6 of 65 cells) had a shorter action-potential (Nixdorf et al. 1989) . However, electrophysiological propduration than the other classes. They exhibited prominent time-erties of HVc neurons other than area X-projecting neurons dependent inward rectification and a regular tonic firing with little are largely unknown. Recent studies have shown that audior no accommodation. Type III neurons had beaded, aspiny den-tory response activity in the RA is eliminated by lesions or drites. Type IV neurons (8 of 65 cells) had a longer action-potential inactivation of the HVc (Doupe and Konishi 1991; Vicario duration, a much larger input resistance, and longer membrane and Yohay 1993). These results suggest that RA-projecting time constant than the other classes. Type IV neurons had small neurons in the HVc may respond to auditory stimuli, inconsomata and thin, short, sparsely spiny dendrites. The axons of some sistent with the previously reported results (Katz and Gurney of the neurons in this class projected in the direction of the RA.
These classes of neuron may play distinct roles in song production 1981). To further our understanding of the functions of the and representation in the HVc.
HVc on a cellular level, therefore, it is important to characterize the intrinsic neuronal organization of this brain region.
The brain slice method is suitable for this kind of study
because it is relatively easy to make stable intracellular recordings from small neurons. The patch-clamp recording Song birds, such as the zebra finch, have well-developed technique has been also successfully applied to brain slices song control nuclei in their brains (Konishi 1985) . The HVc, (Blanton et al. 1989; Edwards et al. 1989 ). We applied formerly known as the caudal nucleus of the ventral hyper-the technique to avian brain slices containing the HVc, to striatum or the high vocal center, is considered to play a characterize its intrinsic neuronal organization. We exammajor role in the motor control of song production (McCas-ined the types of neuron that are present in the HVc on land 1987; Nottebohm et al. 1976 ; Simpson and Vicario the basis of their electrophysiological properties and also 1990), especially in the programming of time sequences examined their morphological characteristics. of song components (syllables) (Vu et al. 1994; Yu and Margoliash 1996) . The HVc also contains neurons that re-M E T H O D S spond to sounds and songs (Katz and Gurney 1981; Lewicki Slice preparations 1996; Lewicki and Konishi 1995; Margoliash 1983 Margoliash , 1986 Margoliash and Fortune 1992; Margoliash et al. 1994;  ing colony at the Department of Physiology at Dokkyo University increasing concentrations of glycerin (20, 40, 60, 80, and 100% for 10 min each) (Claiborne et al. 1986 ). Stained cells were obSchool of Medicine, Japan. Birds were anesthetized with pentobarbital sodium (40 mg/kg) and decapitated. The brain was dissected served with a confocal laser scanning microscope (Sarastro 2000, Molecular Dynamics, Sunnyvale, CA), and optical sections were and blocked midsagittaly. One hemisphere was blocked frontally, and its caudal half was blocked sagittally. The medial two-thirds collected at 1.2-mm intervals.
Data are represented as means { SE. The differences among was then glued, medial side up, to a stage by cyanoacrylate and immersed in ice-cold oxygenated Krebs-Ringer solution. Sagittal the neuron classes for the various parameters were evaluated with analysis of variance (ANOVA). Multiple comparisons were done slices were cut at 350 mm on a Microslicer (Dosaka EM, Kyoto, Japan) or a homemade slicer. The brain slices were then transferred with Tukey's honestly significant difference test. to an interface-type incubation chamber perfused with Krebs-R E S U L T S Ringer solution at 33 { 1ЊC. This solution consisted of (in mM) 124 NaCl, 3 KCl, 1.3 MgCl 2 , 2.4 CaCl 2 , 1.24 NaH 2 PO 4 , 26
Cells were selected only if they exhibited a resting memNaHCO 3 , and 20 glucose. It was bubbled with 95% O 2 -5% CO 2 brane potential more negative than 050 mV and an overand had a pH of 7.4.
shooting action potential. Cells were classified into four distinct classes according to differences in their responses to Whole cell recording hyperpolarizing current pulses, firing properties, action-potential durations, and AHP characteristics. Cells differed in
Recordings were initiated after ¢1.5 h of incubation. One slice at a time was submerged in a recording chamber and perfused a number of parameters but could be grouped according to with Krebs-Ringer solution at 32 { 1ЊC. Whole cell patch-clamp a hierarchical scheme. The differences among the classes recordings from HVc neurons were made with unpolished elec-were highly significant for all the parameters measured (P õ trodes (3-7 MV) using the ''blind'' slice-patch method (Blanton 0.0001, ANOVA; We describe the characteristics of these four classes of Na 3 -guanosine 5-triphosphate (Na 3 -GTP), and 10 N-2-hydroxyneuron in the following sections.
ethylpiperazine-N-2-ethanesulfonic acid, pH adjusted to 7.2-7.3
with KOH. The electrodes were positioned in the HVc, which was Type I neurons clearly recognized in the slice through a binocular light microscope when transilluminated from below. The positively pressurized elec-
The key feature that makes a cell a type I neuron is a long trodes were advanced through the slice until the pipette resistance AHP time-to-peak (ú9 ms). Type I neurons represented 21 increased. Negative pressure was then applied until a gigaohm seal of the 65 cells characterized. current pulses (Fig. 1, A and B) . The sag and rebound overThe input resistance was determined by the voltage deflection shoot increased as the hyperpolarizing current pulses in-(4-15 mV) induced by a hyperpolarizing current pulse. The time creased, indicating the existence of a time-dependent inward constant was measured by plotting (V max 0 V )/V max on a semiloga-rectification. This time-dependent inward rectification distinrithmic scale against time, and by fitting a straight line to the guished type I neurons from all of the other classes of neuron later linear portion, where V max was the maximum hyperpolarizing with the exception of type III neurons (Table 1 ). The peak voltage deflection during the pulse and V was the hyperpolarizing voltage responses also exhibited inward rectification over the voltage value from the resting membrane potential. The percentage same range of membrane potentials as the time-dependent sag during hyperpolarization was determined as 100 1 (V max 0 inward rectification (Fig. 1, A and B) , indicating also the V end )/V max , where V end was the voltage at the end of the current existence of a fast-activated inward rectification. These neupulse. Spike duration was measured at the half-maximum amplitude above threshold of the action potential. Spike threshold was rons had an intermediate value of resting membrane potential measured according to the potential difference between the resting among the four classes of neuron (Table 1) . potential and the spike onset, where the rate of rise of the action FIRING PROPERTIES. The AHP following an action potential potential exceeded 15 V/s. The amplitude of the afterhyperpolar-in type I neurons was large in amplitude and longer in timeization (AHP) was measured from the spike threshold. AHP time-to-peak than in the other classes of neuron (Table 1 and to-peak was measured from the point at which the spike downstroke Fig. 1 ). Small depolarizing current pulses elicited relatively crossed the spike threshold. Membrane potentials were corrected regular tonic firing (Fig. 1, C , top, and D) . When the current for junction potentials (011 mV). was increased to a certain level, however, the firing frequency for the first few spikes increased to produce an initial Morphological examination high-frequency firing followed by a much slower constant In some experiments, 2-2.5 mg/ml of dipotassium salt (Lucifer firing (Fig. 1 , C, middle and bottom, and D). The duration yellow, Sigma) was added to the recording electrodes to allow the of type I neuron action potentials was intermediate among examination of the morphological characteristics of the electro-the four classes of neuron (Table 1 and ms at the half-maximum amplitude, and a relatively short was significantly smaller in amplitude than type IIa neurons (Table 1) and had a short time-to-peak. In type IIb neurons, membrane time constant (õ65 ms). Type II neurons represented 30 of the 65 cells characterized. membrane potentials gradually depolarized to reach spike threshold after a low-threshold response (Fig. 2A2 ). INWARD RECTIFICATION. This class of neuron had a more negative resting membrane potential and a higher actionType III neurons potential threshold than all other classes of neuron (Table  1 ). When hyperpolarizing current pulses were applied to
The key feature required for type III neurons is a short type II neurons, no time-dependent inward rectification was action-potential duration (õ0.5 ms at the half-maximum amobserved, but fast inward rectification was evident at mem-plitude). Of the 65 cells characterized, 6 were designated brane potentials more negative than about 080 mV (Fig. 2, 
as type III neurons. A and B).
INWARD RECTIFICATION. A prominent sag appeared in the Type II neurons could be subdivided into type IIa (n Å voltage responses to hyperpolarizing current pulses at mem-22) and IIb (n Å 8) neurons by the absence and the presence brane potentials more negative than about 070 mV, and a of the low-threshold transient depolarization, respectively rebound overshoot appeared after the termination of hyper-( Fig. 2A) .
polarizing current pulses (Fig. 3, A and B) . The sag and TYPE IIA NEURONS. Firing properties. In type IIa neurons, rebound overshoot, which often developed into an action a large depolarization from the resting membrane potential potential, increased as the hyperpolarizing current pulses was required to elicit an action potential (Fig. 2A1) . Regular increased. This time-dependent inward rectification was tonic firing was elicited by both small and large depolarizing much larger than that found in type I neurons (Table 1) . current pulses with accommodation in the spike frequency Type III neurons had more positive resting membrane poten- (Fig. 2, C and D) . The AHP was large in amplitude but tials and a lower action-potential threshold than the other had a short time-to-peak (Table 1) . Membrane potentials in classes of neuron (Table 1) . Type III neurons also exhibited response to depolarizing current pulses gradually depolar-a fast-activated inward rectification (Fig. 3, A and B) and ized with time near the action-potential threshold (Fig. were frequently bombarded Fig. 5 ). The action potential was followed by an AHP, which was larger in 2A2). The depolarizing responses increased progressively in amplitude as the depolarization increased (Fig. 2A2) . amplitude than in the other classes of neuron, although its time-to-peak was short (Table 1) . When depolarizing curFiring frequency decreased during current pulses, showing spike frequency accommodation. Type IIb neurons had a rent pulses were applied to type III neurons, highly regular tonic firing with little or no accommodation was elicited significantly longer action-potential duration than type IIa neurons (Table 1 and Fig. 5 ). The AHP of type IIb neurons (Fig. 3, C and D 
Type IV neurons Morphological characteristics of HVc neurons
Some of the neurons that were identified electrophysiologThe key feature required for type IV neurons is a long ically were also labeled by injection of Lucifer yellow to membrane time constant (ú65 ms). Of the 65 cells characexamine their morphological characteristics. Thirty-four terized, 8 were designated as type IV neurons. cells were well filled and reconstructed successfully via the INWARD RECTIFICATION. They had a much higher input re-confocal system. Axons were identified by the thin, nontasistance and a much longer membrane time constant than pering, and smooth-surfaced appearance. The results are the other classes of neuron (Table 1) . Type IV neurons summarized in Table 2 . exhibited a fast inward rectification at membrane potentials Type I neurons (13 of 34 cells) had large somata (20-more negative than about 080 mV, but no time-dependent 31 mm diam), large dendritic arborizations (220-290 mm inward rectification was observed (Fig. 4, A and B) . These diam), and thick, long, spiny multipolar dendrites (Fig. 6A) . neurons had a relatively positive resting membrane potential Type I neurons had spherical dendritic arborizations or elonamong the four classes of neuron (Table 1) . gated arborizations. Although the axons of neurons in this class were rarely observed beyond the border of the HVc, FIRING PROPERTIES. Type IV neurons had a longer actionpotential duration than the other classes of neuron (Table 1 due to slicing procedures, the axons of two type I neurons did project beyond the rostral border of the HVc in the and Fig. 5 ). The AHP of this neuron type was small in amplitude and had a short time-to-peak (Table 1) . When direction of area X.
Type IIa neurons (7 of 34 cells) exhibited small or merelatively large depolarizing current pulses were applied to type IV neurons, action potentials often ceased to be elicited dium-sized, round or oval somata (11-21 mm diam), and short, thin, spiny dendrites (Fig. 6B ). Type IIa neurons had in the middle of the pulse, and the firing frequency decreased during the pulse, showing strong spike-frequency accommo-small spherical or oval dendritic arborizations (140-220 mm diam). The axons of neurons in this class were sometimes dation (Fig. 4, C and D The present study shows that at least four electrophysiototal dendritic length were significantly larger than those of logically distinct classes of neuron exist in the HVc of the type IIa neurons ( Table 2) . Axons of type IIb neurons could zebra finch. We did not observe neurons that did not fit not be followed beyond the border of the HVc.
any of these four classes, although we cannot exclude the Type III neurons (3 of 34 cells) were also clearly distin-possibility of the existence of other classes of neuron in the guishable, morphologically, from the other classes of neuron. HVc. Juvenile zebra finches were used in this study because They had medium-sized somata (17-19 mm diam), rela-classes of neuron similar to those found in adult birds are tively large dendritic arborizations (200-270 mm diam), and already present in the HVc of young birds (Kubota and Saito multipolar, beaded dendrites without spines and extensively 1991). However, there is a caveat that detailed characterisarborized axons around their dendritic fields (Fig. 6D ). Ax-tics described here may be different from those in the adult ons of type III neurons could not be followed beyond the birds and those in the normal in vivo situation. We did border of the HVc.
not observe any systematic trends of the properties of HVc Type IV (5 of 34 cells) neurons had small round or fusi-neurons as a function of location within the HVc. Although form somata (15-18 mm diam), small dendritic arboriza-the ''paraHVc'' has been shown to be present along the tions (140-200 mm diam), and thin, short, sparsely spiny ventricle in the medial caudal neostriatum ventral to the HVc multipolar dendrites (4 of 5 cells; Fig. 6E ). The remaining (Nordeen et al. 1987) , it is unlikely that the results in the present study were affected by the presence of the paraHVc, cell had thin, short, spiny multipolar dendrites. These axons J730-7 / 9k2b$$au18 07-24-98 18:32:27 neupa LP-Neurophys because the properties of the recorded neurons did not de-rectifier produces membrane resonance and a persistent Na / conductance enhances the resonance (Hutcheon et al. 1996) . pend on where they were recorded from and all classes of neuron were observed in lateral slices. Each class of HVc When membrane resonance is present, neurons fire action potentials preferentially to rhythmic inputs at specific freneuron will be discussed in sequence below.
quencies. Therefore type I neurons may play an important role in rhythmic activity in the HVc.
Type I neurons
Type I neurons exhibited electrophysiological and mor-Type II neurons phological characteristics that were similar to those reported previously (Kubota and Saito 1991). The morphological Type II neurons seem to have an ionic conductance that is responsible for delaying the initiation of action potentials, characteristics of type I neurons were similar to those of area X-projecting neurons of the adult zebra finch HVc that because the membrane potential depolarized less in response to depolarizing current pulses than would be expected from have been studied in vivo (Fortune and Margoliash 1995; Katz and Gurney 1981) ; i.e., large soma and thick, spiny the ohmic responses close to the action-potential threshold.
This property, together with the high action-potential threshdendrites. The axons of some type I neurons were followed beyond the HVc in the direction of area X. It appears likely, olds, makes it probable that temporally and/or spatially integrated, strong excitatory inputs are required for type II neutherefore, that type I neurons in the HVc project to area X. An initial high-frequency firing and a relatively low action-rons to fire.
Type IIa neurons are likely to project to the RA, because potential threshold may indicate that the firing of type I neurons is readily elicited by weak excitatory inputs. Type occasional projections of the axons beyond the HVc, in the direction of the RA, were observed. This corresponds to the I neurons are likely to have the time-dependent inward rectifier as well as the persistent Na / conductance (Kubota and observation that axons projecting from the HVc to the RA are aligned almost in the parasagittal plane, resulting in the Saito 1991). It has been shown that a time-dependent inward preservation of the axons of RA-projecting neurons from cleus of the anterior neostriatum (Doupe and Konishi 1991; Vicario and Yohay 1993) , which is the other input nucleus slices cut in that plane. Recent studies have shown that neurons in the RA can respond to auditory stimuli (Williams of the RA. These results suggest strongly that RA-projecting neurons in the HVc themselves respond to auditory stimuli 1989), in particular, to the bird's own song (Doupe and Konishi 1991; Vicario and Yohay 1993) . In addition, the and can carry auditory information, especially information about the bird's own song, although some area X-projecting auditory responses of RA neurons are reversibly eliminated following lesions or inactivation of the HVc, but not follow-neurons have been reported to respond to the bird's own song (Lewicki 1996) . Temporal and harmonic combinationing lesions or inactivation of the lateral magnocellular nu- FIG . 5. Shapes of the action potentials of the classes of neuron. Type I, action potential of a type I neuron. Type IIa, action potential of a type IIa neuron. Type IIb, action potential of a type IIb neuron. Type III, action potential of a type III neuron. Duration of the action potential is short. Type IV, action potential of a type IV neuron. The action potential has a long duration. Scale bars in type IV also apply to type I-III. Values are means { SE. Number of neurons were as follows: type I, n Å 13; type II, n Å 13; type III, n Å 3; type IV, n Å 5; type IIa, n Å 7; type IIb, n Å 6. Area X, area X of the parolfactory lobe; RA, robust nucleus of the archistriatum. * Significant differences indicated by the use of Tukey's honestly significant difference test for multiple comparisons after analysis of variance (P õ 0.05). † Significant difference between type IIa and type IIb (P õ 0.05, Mann-Whitney U test).
sensitive neurons have been found in the zebra finch HVc Type IV neurons (Lewicki and Konishi 1995; Margoliash and Fortune 1992) .
Type IV neurons had a high-input resistance, long memThe fact that type IIa neurons require large depolarizations brane time constant, and long duration of action potential. to elicit action potentials is consistent with the idea that These electrophysiological properties are similar to those of they may be temporal combination-sensitive neurons that developing neurons from various brain areas (Kasper et al. integrate over long periods, or perhaps harmonic combina-1994; Kriegstein et al. 1987;  tion-sensitive neurons that require two harmonics to be ex-Ramoa and McCormick 1994). It has been shown, even cited (Margoliash and Fortune 1992) .
in the adult zebra finch, that some neurons continue to be Type IIb neurons were distinguished from type IIa neurons generated and migrate into the HVc, and that many of these by the presence of the low-threshold transient depolarization. are destined to become RA-projecting neurons (AlvarezThis transient depolarization seems to be not so strong to Buylla et al. 1990 ). Type IV neurons are likely to project elicit burst firing as seen in the mammalian olivary and to the RA, because occasional projections of the axons bethalamic neurons (Jahnsen and Llinás 1984 ; Llinás and yond the HVc, in the direction of the RA, were observed. Yarom 1981), which are thought to be implicated in the Thus we suggest that type IV neurons may be immature oscillatory behavior. However, the transient depolarization neurons that have only recently migrated into the HVc. Alin type IIb neurons may be suitable for coordinating the though they tend to respond inadequately to stimuli due to timing of firing of the other classes, and possibly of other the premature inactivation of their firing, type IV neurons type IIb neurons. The axons of type IIb neurons could not appear to be readily excited by even weak, and low-frebe followed beyond the border of the HVc. This may be due quency stimuli. This is probably due to their high-input resisto the orientation of the slicing procedure. Therefore whether tance and long membrane time constant. type IIb neurons are projection neurons or interneurons remains to be determined.
Comparison with other studies A morphological classification of neurons has been made Type III neurons previously in a study of the canary HVc, i.e., furry dendrite, thick dendrite, short dendrite, and aspinous neurons (Nixdorf Type III neurons were the easiest to distinguish from the other classes. The electrophysiological and morphological et al. 1989) . Corresponding neuron types, except aspinous neurons, were also found in the zebra finch HVc where characteristics of type III neurons are similar to those of the g-aminobutyric acid-containing inhibitory interneurons neurons were retrogradely labeled (Fortune and Margoliash 1995) . It is of interest to compare the classes of neuron found in the mammalian hippocampus (Schwartzkroin and Mathers 1978) , the putative inhibitory interneurons of the observed in the present study and those in the previous studies, although comparisons of absolute values between the neocortex (McCormick et al. 1985) , and the basolateral amygdala (Washburn and Moises 1992); i.e., the short-dura-present and the previous results are difficult due to the differences of methods and species used. The morphological chartion of action potential, little or no accommodation of repetitive firing, and beaded, aspiny dendrites. We suggest, there-acteristics of type I and type IIa neurons are similar to those of the thick dendrite and the short dendrite neurons, respecfore, that type III neurons observed in the present study are inhibitory interneurons within the HVc. Because type III tively. The characteristics that type I neurons have the largest cell body, dendritic length, and total dendritic arborization neurons also have the time-dependent inward rectifier, type III neurons may also play an important role in rhythmic among all classes of neuron match those of the thick dendrite neurons. Also, the characteristics that type IIa neurons have activity in the HVc together with type I neurons. This neuron has a medium-sized oval soma and thin, spiny dendrites. The axon of this neuron projected beyond the border of the HVc in the direction of the robust nucleus of the archistriatum (RA). C: type IIb neuron. This neuron has a relatively large fusiform soma and thick, densely spined dendrites with elongated arborizations. D: type III neuron. This neuron has beaded, aspiny dendrites and extensively arborizing axons. E: type IV neuron. This neuron has a small fusiform soma and thin, short, sparsely spiny dendrites. The axon of this neuron projected beyond the border of the HVc in the direction of the RA. Scale bar, 25 mm in E also applies to A-D.
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